Computer simulations of protein dynamics has become a powerful technique for visualizing molecular interactions and assessing functional motions. The immense size (more than 10 5 residues or 9 × 10 5 heavy atoms) of the HK97 capsid, however, precludes the use of conventional methods such as full atomic molecular dynamics (MD) simulations or normal mode analysis (NMA) (Phelps et al., 2000) . One could simplify the problem by using group theory to exploit the symmetry of virus particles (Simonson and Perahia, 1992 . These studies take rigorous account of the interresidue contact topology via a connectivity or Kirchhoff matrix (⌫) of interresidue contacts, while overlooking atomic details, based on the premise that the largescale collective motions are defined by the overall architecture, rather than local interactions.
To further reduce the size and complexity of the problem, one approach is to assume the entire subunits (e.g., coat proteins in viral capsids) form rigid blocks. Such a reduced model has been adopted by Tama and Brooks (2002) in their analysis of cowpea chlorotic mottle virus (CCMV) dynamics. However, the HK97 gp5 proteins are subject to internal (local) changes in conformation that accompany capsid maturation and assist in the autocatalysis of the isopeptide crosslinks. Previous the procapsid to the mature capsid. Despite the icosahedral symmetry of the two known structures, a delicate interplay between isocahedrally symmetric and about 20% (from 550 Å in the procapsid to 660 Å along asymmetric modes is revealed, which points to the imthe 5-fold axes in Head II) and the internal volume by portance of the high level of cooperativity across the over 100% (Lata et al., 2000) . Only with high cooperativentire capsid to achieve the dramatic change in overall ity among interacting subunits can such a large-scale conformation. The GNM also identifies residue Asn356 as a hinge site that plays a key role in coordinating the and highly concerted conformational change take place. Figure 2A in the immea dominant set (300) of vibrational modes for the entire diate vicinity of the 5-fold symmetry axis of the pentaprocapsid (solid) and capsid (dotted) structures of mers (residues 285-295). These residues evolve from a w10 5 residues. Consistent with the inclusion of highrelatively flat surface in Prohead II into a protrusion in frequency modes, the curves in Figure 2A are much more rugged. The dominant features, however, comHead II. Thus, the pentamer center appears to be more severely constrained (stable) in the mature form than in the less ordered, procapsid form. The fact that this effect is not discernible in Figure 2B implies that the modes suppressed in the mature form are those in the relatively high frequency range. These two conformational changes are the main mechanisms that impart stability to the HK97 capsid in the mature form. Except for the N-terminal residues (absent from the PDB-deposited Prohead II structure), no other groups of residues exhibit significant changes in their ms fluctuations. The structures of Prohead II ( Figure 2C ) and Head II ( Figure 2D ) colored according to their calculated mobilities indicate an overall greater stability in Head II (blue). In the procapsid, the E loops are distinguished by their high mobilities (shown in red).
The Most Cooperative Motions Are Not Icosahedrally Symmetric
The fluctuations shown in Figure 2 describe the likely local motions observable for a given X-ray structure, but cannot be construed as the means by which one structure transforms into another. This is the case especially when there is a large conformational change such as in capsid maturation. While these overall fluctuations suggest regions of mobile residues that may participate in the maturation process, often the combination of the individual modes obscures the most functional motions. Inherent to network models, such as the GNM, is the property that the most cooperative, global motions of the system can be extracted by decomposing the motion into various modes. This set of orthogonal modes defines a basis for describing all potential motions of a given structure. The modes with the lowest frequency have been shown to give insights into functional mo- 3E ) induces a more complex dynamics than the first. In particular, we the high degree of symmetry in the structure, it is natural that a large number of collective modes will be deobserve two concentric intersecting, immobile shells instead of a single central banded region that is relagenerate, that is, they have sister modes that share the same frequencies and exhibit symmetrically related tively rigid. Consistent with an increased localization of higher modes compared to slower modes, the general motions. The modes illustrated in Figures 3A (or 3D) , 3B (or 3E), and 3C (or 3F) are indeed 3-, 5-, and 3-fold shape for the third set of slow modes ( Figures 3C and  3F ) is more focused around the highly mobile pentadegenerate, respectively. Notably, these 11 modes are found (from the eigenvalue distribution of the GNM mer-forming G chains. The complementary shape of these dominant modes is in accord with their orthogomodes) to account for 41% of the ms fluctuations induced by the 300 dominant modes in Figure 2B . The nal nature.
It is important to note that none of these most probslowest modes of the procapsid and capsid (Figures 3A (1) the importance of extracting the most cooperative modes and filtering out the higher (noisy) modes for One means of quantifying the large conformational change that occurs during maturation is to calculate the net elucidating functional motions, and (2) the relevance of the mobilities induced in the slowest modes to the acdisplacement of each residue between the two known endpoints, Prohead II and Head II. These net displacetual displacements of residues during maturation, despite the lack of icosahedral symmetry in the individual ments include the overall expansion as well as the intra-and intersubunit rearrangements accompanying slow modes. the expansion. Of interest is to assess to what extent the individual modes predicted by the GNM contribute Superposition of 100 Slowest Modes Suggests a Two-Phase Maturation Mechanics to, or correlate with, these actual displacements.
To this aim, we examined the correlation cosine beThe dashed curve in Figure 5 Figure 3D ) exhibit a cosine correlation of 0.846 with the net displacements they undergo tamer-forming residues (chain G) and hexamer-forming residues (chains A-F) separately. during maturation. Therefore, the slowest GNM mode tends to reconfigure the procapsid pentamers toward
The experimental displacements of residues and their predicted mobilities show surprisingly correlated patterns. What is intriguing is that a strong anticorrelation (rather than correlation) is observed. The theory predicts, for example, that the E loops are subject to very large mobilities, and thereby tend to reconfigure in the procapsid, which is intuitively consistent with their solvent exposure and observed reconfiguration to form the crosslinks. On the other hand, the displacement of the E loop between Prohead II and Head II appears to be the relatively small compared to other residues. These contradictory features can only be explained by a two-phase maturation dynamics, an isotropic expansion and overall surface flattening, leading to a relatively small net displacement of the E loop despite its high mobility. A superimposition of a uniform swelling of 110 Å on the predicted mobilities is indeed sufficient to explain the observed net displacement. These two processes are not necessarily sequential, but most likely occur concurrently, leading to the Head II structure. tional to its corresponding eigenvalue (see Experimental Procedures), it is possible to construct a probable maturation pathway purely from the analysis of different modes of motion. The slower modes (lower mode num-A second important observation is that a small subset of modes (Figure 6 ) governs the icosahedrally symbers) may indeed be viewed as the softer modes that are likely to operate during the initial reconfiguration. metric expansion of residues that takes place during maturation. This does not imply, however, that the most cooperative but not icosahedrally symmetric modes (Figure 3) do not contribute. On the contrary, the rms displacements, or mobilities associated with these modes, exhibit a remarkable (anti)correlation with the actual displacements (Figures 4 and 5) , suggesting that the reconfiguration that accompanies the icosahedrally symmetric expansion is essentially controlled by these modes. So, the observed displacements are explained by two countermechanisms: icosahedrally symmetric expansion and highly cooperative reconfigurations leading to an overall flattening and stabilization of the capsid shell in the mature form. The combination of these two mechanisms explains, for example, the observed smaller net displacements of the E loops between the two endpoints, although the E loops enjoy an extremely high mobility. Among the icosahedrally symmetric modes, the first one (mode 31) points to the cooperative fluctuations of the pentamers that presumably play a critical role in precipitating the conformational changes that lead to Head II structure. The next nondegenerate motion, mode 107, augments this postulated reconfiguration by Figure 7A ). Lys169 is located
A Few Icosahedrally Symmetric Modes Contribute to the Observed Reconfiguration
near this peak. Due to additional degrees of freedom from its long side chain, this exposed residue is likely
The overall ms fluctuations <(⌬R i ) 2 > of residue i are given by the to exhibit even greater mobility than indicated by the summation GNM for its C α atom. The high mobility of Lys169 allows it to readily sample a large region in space and come
( 1) into contact with other residues. This is a nontrivial mo-
The elements of the kth eigenvector, u k , describe the displacetion involving a change in distance of nearly 30 Å be- 
